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We describe near-term heavy ion fusion (HIF) research objectives associated with developing an inertial fusion energy demonstration 
power plant.  The goal of this near-term research is to lay the essential groundwork for an intermediate research experiment (IRE), 
designed to demonstrate all the key driver beam manipulations at a meaningful scale, and to enable HIF relevant target physics 
experiments. This is a very large step in size and complexity compared to HIF experiments to date, and if successful, it would justify 
proceeding to a demonstration fusion power plant.  With an emphasis on accelerator research, this paper is focused on the most 
important near-term research objectives to justify and to reduce the risks associated with the IRE.  The chosen timescale for this 
research is 5-10 years, to answer key questions associated with the HIF accelerator drivers, in turn enabling a key decision on whether 
to pursue a much more ambitious and focused inertial fusion energy R&D program. This is consistent with the National Academies of 
Sciences Review of Inertial Fusion Energy Systems Interim Report [1], which concludes that “it would be premature at the present 
time to choose a particular driver approach…” and encouraged the continued development of community consensus on critical issues, 
and to develop “options for a community-based roadmap for the development of inertial fusion as a practical energy source.”  
  

MOTIVATION 
There is renewed interest in the development of 

energy solutions that can provide carbon-free, base-
load electricity.   The National Ignition Facility (NIF) 
campaign of laser driven fusion ignition experiments is 
underway [2].  The prospect of demonstrating 
laboratory-scale inertial fusion in the near term is 
stimulating interest in a variety of approaches to 
inertial fusion energy (IFE), such as laser-driven IFE 
and including heavy ion driven inertial fusion (HIF) 
energy. The various approaches involve heating the 
surface of a shell containing DT fuel to drive an 
implosion which compresses and heats the fuel.  This 
usually requires a driver energy ≥1 MJ.  Heavy ions of 
mass ~100 amu and ion kinetic energy ≥ 1 GeV have a 
stopping range suitable to drive IFE targets.  To satisfy 
a target design’s particular ion range (and target 
performance) there is, a priori, a richness of possible 
combinations of ion mass and ion kinetic energy.  

The three principal approaches to a heavy ion fusion 
driver are synchrotrons, radiofrequency linear 
accelerators (with storage rings), and induction linear 
accelerators. In general, accelerators operate reliably 
and can operate with high efficiency. RF accelerators 
with storage rings are appealing because of their 
extensive use in high energy and nuclear physics. 
Induction accelerators are appealing because of their 
higher efficiency and their demonstrated acceleration 
of high beam current (10 kA in some applications). The 
US effort has focused on induction accelerators 
because of this and because there is no need to 
accumulate charge in storage rings; their non-resonant 
character allows pulse compression during 
acceleration. Baseline driver design in the US consists 
of about 100 parallel ion beams injected into an 
induction accelerator, with the bundle of beams passing 

through common induction accelerator cores., The 
beams are accelerated to a final kinetic energy of 1 
GeV per ion, or higher. Because of the high charge per 
bunch, transport is initially the limiting consideration, 
resulting from the need to provide sufficient focusing 
force to contain the space charge force; a process that is 
facilitated by using multiple beams. The limit depends 
on the ion velocity, the peak focusing magnetic field, 
and the geometry of the focusing magnets. The 
approach is to accelerate these long parallel bunches 
near the transport limit and gradually decrease their 
length within the accelerator -- as allowed by beam 
dynamics -- by small voltage ramps. The maximum 
beam current that can be transported in the space 
charge-dominated regime increases with velocity 
because of the increasing strength of the v × B force.  

A conceptual layout of a likely configuration, 
motivating much of the content of this paper, is shown 
in Fig. 1. Operating at 5-15 Hz, about 100 parallel ion 
beams are injected into a linear induction accelerator.  
Other induction accelerator architectures have been 
studied, for example, separate accelerators for each 
beam, and recirculating induction accelerators.  
Initially motivated by their potential to lower cost, 
those design studies identified additional beam physics 
and technical issues, as described in  Ref. [3].  

Singly charged (q=1) ions are often chosen because 
higher charge state ions create proportionally more 
space charge which would be much more difficult to 
produce and match to the alternating gradient lattice.  
Other favorable aspects of q=1 ions are the ability to 
create low-emittance beams of sufficiently high current 
with essentially no admixture of 𝑞>1 ions, and the 
lower longitudinal confinement fields required for 
bunch containment.  Of course, a disadvantage is the 
proportionally lower acceleration rate.  
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Figure 1: Schematic of an induction accelerator driver for heavy ion fusion. 

 
 
The accelerator may use electrostatic focusing 
quadrupoles at the front end, followed by a transition to 
superconducting magnetic quadrupoles for most 
(>90%) of the accelerator. 

A velocity ramp is applied to the beam near the end 
of the accelerator.  The beam (𝛽=0.2−0.3) is not highly 
relativistic, thus the bunch length is compressed by an 
order of magnitude or more and shaped as needed to 
meet the ~10 ns bunch duration required by most 
targets. A part of the drift compression section includes 
dipoles for each beamline to aim each beam at the 
target according to the required illumination geometry.   

Equations governing the extraction of ions from 
sources, beam transverse dynamics, the transport to the 
reactor chamber, and the final focusing of the beams 
onto the target are described in various references.  See 
for example, [4, 5, 6] and Chapter 10 of [3].  Driver 
concepts and their design equations are summarized in 
Hovingh et al. [6] and applied to sensitivity studies of 
the cost of the fusion driver to assumed technical limits 
and beam properties.  

At the wall of the reactor chamber each beamline 
must penetrate the chamber wall while leaving 
sufficient solid angle for a viable tritium breeding 
blanket and heat extraction.  This blanket design has 
been envisioned [see, e.g., 7] as a flowing, thick, 
neutron-absorbing layer of lithium or a molten salt 
containing lithium, which protects both the structural 
wall and the focusing magnet coils from radiation 
damage. There are holes in the liquid matrix (created 
by an array of many liquid jets) through which the 
beams may pass.  The magnet coils of the final optics 
are not on a line-of-sight to the target, and thus avoid 
the direct gamma rays, ions, neutrons and target debris 
from the target explosion. Liquid-wall protection 

promises to be a highly attractive attribute of ion-beam 
driven IFE, provided the beam geometry is suitably 
arranged. 

Not shown in Fig. 1 are the essential tritium 
extraction, target factory, heat recovery and electricity 
generation systems. Many of the requirements and 
research for these systems is synergistic with laser IFE 
and some important differences are described later. 
Laser and HIF chamber and final focusing systems are 
designed to operate at a similar repetition rate, with 
each fuel pellet generating similar thermonuclear yield. 
The two approaches must be designed to protect the 
structural wall of the chamber, the final focusing 
elements, and the beamlines from backstreaming 
radiation and debris from the target. 

Fundamental aspects of the fusion target designs 
have a great influence on the final beam parameters and 
target illumination geometry and, as a result, on the 
accelerator design. For example, the required beam 
energy per pulse varies among target designs by a 
factor of several, which will influence the number of 
parallel beams and other aspects of the accelerator 
design. Also, the beam pulse duration depends on the 
ignition mode, from < 0.5 ns to ~10 ns depending on 
the target design.  Most targets generally require a low 
power pre-pulse, with 20-100 ns duration to efficiently 
compress the fusion fuel prior to the main pulse.   

This paper outlines research to answer key scientific 
and technical questions.  Such a research program is a 
prerequisite for a heavy-ion accelerator facility capable 
of doing HIF target physics and demonstrating at driver 
scale the essential accelerator components of an HIF 
power plant, including beam control and focused beam 
intensity. Most of the accelerator research centers on 
the concept of a induction linear accelerator, producing 
beams with a final kinetic energy of 1 GeV or higher. 
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Given the combined need for accelerator efficiency and 
phase space constraints set by most HIF target designs, 
and driver cost, this appears to be the best-matched 
accelerator architecture, with many of the system 
requirements already demonstrated for other 
applications.  

We begin with a background description of the high-
level questions that frame the research agenda. This is 
followed by descriptions of the proposed research in 
several areas (with an emphasis on accelerator R&D, 
since the accelerator is the long-lead-time item for 
heavy-ion IFE). These topics include  multiple-beam 
ion sources and injectors; studies of the injection and 
transport of a single driver-scale beam at ~5-15 Hz; 
studies of intense-beam transport in a system long 
enough that the ions execute several transverse plasma 
(beam) oscillations; studies of drift compression, 
bending and final focus; studies of target physics; 
research on enabling technologies; and research 
opportunities that build on and contribute to related 
fields.  We conclude with a brief summary. 

BACKGROUND 
The U.S. National Academies of Sciences and 

Engineering (NAS) are sponsoring a review of the 
prospects for inertial confinement fusion energy 
systems.  This will include various driver systems, 
including heavy-ion accelerators.  Presentations 
commenced early in 2011, and included detailed 
expositions of laser driven IFE, pulsed power IFE and 
heavy ion driven IFE [1,8]. The charges to the NAS 
review committee include the identification of R&D 
objectives associated with developing an IFE 
demonstration plant, and to advise the DOE on its 
development of an R&D roadmap aimed at creating a 
conceptual design for an inertial fusion energy 
demonstration plant.  This IFE demonstration plant is 
sometimes referred to as a DEMO or fusion test 
facility, and in the HIF presentations to the NAS, was 
called an HIF Test Facility.  (The term “fusion test 
facility” has sometimes been applied to a precursor to a 
DEMO.  However, in IFE it may be upgraded in some 
cases to DEMO capability.) This demonstration plant 
should produce fusion power, breed tritium and 
demonstrate all key scientific and engineering points.   

Since the late 1990’s the development path for HIF 
has included a prerequisite for the demonstration power 
plant: an intermediate facility, the objective of which is 
to demonstrate all the key driver beam manipulations at 
a meaningful scale, and to enable HIF relevant target 
physics experiments.  If successful, this would lead to 
the design and construction of a DEMO plant.  To that 
end, the goals for an Integrated Research Experiment 
(IRE) for HIF are described in [5].  A laser based IRE 
was also an element of the common roadmap for heavy 
ion driven and laser driven IFE [9].  Recently, 
objectives for a 10-kJ scale HIF IRE facility, called the 
Heavy Ion Driven Implosion Experiment (HIDIX) have 

been described [10]. Both the earlier HIF IRE and the 
more recent HIDIX are in the same location in the 
development path for HIF – a significant milestone that 
precedes, and if successful, either would justify a 
fusion power DEMO. The proposed accelerator 
architectures are multiple beam induction linear 
accelerators with predominantly magnetic quadrupole 
focusing. The main differences are that the design 
objective of the HIDIX seeks to achieve implosions 
with driver-relevant illumination geometry, including 
IFE chamber and target injection experiments, while 
using significantly lower beam pulse energy (10 kJ vs. 
≥ 30  kJ).  HIDIX has a top kinetic energy of at least 
1.3 GeV, a maximum acceleration rate of 2 MV/m and 
assumes the development of a strong, non-linear 
plasma based focusing element preceding the target to 
reduce the spot size from ≈2 mm to 0.1-0.5 mm.  In 
contrast, the IRE designs in [4,5] are more 
conservative, with a top kinetic energy from 200-800 
MeV, a maximum acceleration rate of 1-2 MV/m, a 
final spot size of ≤ 5  𝑚𝑚  and 30-250 kJ beam pulses. 
IFE relevant target physics in a planar geometry are 
feasible for all those designs, and implosions for some 
of them.  

We note that these various IRE (and HIDIX) design 
parameters imply a variety of scientific and technical 
capabilities and uncertainties. Furthermore, the cost 
uncertainties for these designs are large.   But the 
overriding, and unifying goal, together with parallel 
progress on IFE chamber and target R&D, is to provide 
the scientific and technological basis to proceed to the 
DEMO. It is highly desirable that the beam parameters 
and associated driver technology for this intermediate 
facility resemble those required for the DEMO in the 
most important aspects. The DEMO will in turn 
integrate all the major systems needed for an IFE 
power plant (driver, target production and injection, 
fusion chamber and heat removal). Thus, there are 
three general areas where the IRE must provide solid 
justification for the DEMO: (1) Accelerator physics; 
(2) Chamber transport and final focus; and (3) Ion 
beam interaction with targets. 

Several of the key scientific questions related to HIF 
drivers have been answered:  Experiments and 
simulations showed that stable beam transport over 
long distances in the accelerator can be achieved with 
low emittance growth in the presence of high space 
charge. Experiments addressing most beam 
manipulations and final focusing in a driver have been 
completed and advanced simulations suggest that it 
will be possible to achieve adequate focusing at the 
required peak power.  For example:  
a) The High Current Experiment (HCX) [11] showed 

that a beam of driver current and brightness could 
be created, injected and transported over short 
distances (short only because of limited funding). 
The source and injector created a 0.2-0.8 A, 1-2 
MeV K+ beam.  A six quadrupole matching section 
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preceded the periodic transport lattice of ten 
electrostatic quadrupoles.  The periodic lattice 
period was 43 cm, and the overall length of the 
matching and periodic focusing section was 5.7 m. 
Though the beam area decreased from the emitter to 
the end of the matching section by about one order 
of magnitude, it was sufficiently well matched to 
maintain a normalized emittance < 1 mm•mrad 
(4•rms) despite the significant space charge forces 
that in principle, if not well controlled, would ruin 
the emittance. 

Scaled experiments and simulations addressed beam 
manipulations required in a driver. These scaled 
experiments used beams of 10–50 mA in order to test 
critical beam physics with the relevant perveance:  
b) The stability boundary for the propagation of high 

space charge beams over a wide range of tunes 
below a betatron phase advance of σo = 90o per 
lattice period, was established in the Single Beam 
Transport Experiment (SBTE) with a space charge 
depressed tune as low as 20o.  The experiment 
measured the evolution of the 200 keV Cs+ beam 
phase space through 87 electrostatic quadrupoles 
[12]. 

c) The transverse merging of four beams into a single 
quadrupole channel may be advantageous at the 
transition from electric quadrupole focusing to 
magnetic quadrupole focusing and the question of 
emittance growth due to beam-beam space charge 
forces was important to address via experiment.  
This was demonstrated while retaining good beam 
quality in a scaled experiment [13,14,15]. A related 
application of transverse merging of beams is for 
the initial formation and injection of high current 
beams. For some ion species it may be particularly 
advantageous to form the ~1 A beams by merging 
>100 very bright beamlets into the injector column 
[16] and is described in the next section.    

d) Near the fusion target strong lenses are used to 
focus the beams to a few millimeters, limited 
mostly by the emittance of the beams. For each 
beam to undergo this significant reduction in size, 
the focusing system must have a relatively large 
aperture with low geometric aberrations.  This was 
measured and modeled with and without the 
neutralization of the beam space charge with 
electron distributions in the Scaled Final Focusing 
Experiment  [17], Neutralized Transport 
Experiment [18] and with simultaneous longitudinal 
compression of the beam in the Neutralized Drift 
Compression Experiment  (NDCX [19,20]).    

e) Experiments on bending and studying high space-
charge beams in circular machines are being 
explored with electrons at the University of 
Maryland Electron Ring (UMER [21,22,23] and 
were studied with heavy ions in the Recirculator 
Experiment [24,25]).  

f) Current amplification by longitudinal compression 
of a few to ≈50 times has been demonstrated.  The 
Multiple Beam Experiment combined induction 
acceleration with a velocity ramp on a high space 
charge Cs+ beam.  It showed little emittance growth 
while the line charge density of the beam increased 
by factor of a few, similar to that required in the 
driver [26]. Later, in NDCX, the addition of plasma 
neutralization in conjunction with a ±15% velocity 
ramp furnished beams of a few nanoseconds 
duration, corresponding to fifty-fold bunch 
compression and current amplification. 

Particle-in-cell (PIC) codes for beam and beam-
plasma interaction have both guided and been 
validated by comparison to the above experiments 
[11-30]. Computational tools were developed for the 
self-consistent modeling of the beams (and plasma if 
present) subject to the externally applied focusing 
field, acceleration field, self-field of the beam, as well 
as the fields from induced image-charge and currents. 
The WARP code [27-29] was specifically developed 
for heavy-ion IFE beam studies and has been used 
extensively for support of intense ion beam 
experiments. The LSP code [30] employs a variety of 
plasma models and has also played an important role. 
The BEST program, featuring a nonlinear perturbative 
(‘‘δf’’) approach, has been used to study beam 
oscillation modes [31].  

In some of the experiments, electrons were 
intentionally introduced to beams to neutralize the 
space charge near the target, but for most of a driver, 
electrons are an unwanted presence in the beamline 
arising from ion-gas and ion-wall collisions.  This 
presented a computational challenge due to the vastly 
different dynamical timescales between free electrons 
and ions. While the ability to carry out high resolution 
simulations has improved with the steadily increasing 
computing speeds, this timescale disparity stimulated 
the development of efficient algorithms for the WARP 
and POSINST codes to average over electron 
cyclotron periods while accurately modeling the 
influence of the electrons on the ion beam [32]. 

Simulations of radiation shielding of the 
superconducting magnets show a component lifetime 
exceeding 100 full-power years [33]. Thick-liquid wall 
chamber designs (eg: HYLIFE-II [34]) and related 
experiments suggest an attractive solution to first wall 
protection for IFE. 

Nevertheless, the IRE is a very large step beyond the 
above experiments, and must integrate many of the 
challenges in a single research facility. Which 
outstanding scientific and technical questions ought to 
be answered before commencing IRE? 
a) Drivers require ~1014 ions/beam pulse to be 

focused and accelerated over long distances at ~5-
15 Hz.  This has not been demonstrated.  How will 
gas buildup due to halo particle loss, secondary 
electrons (electron clouds), focusing field 
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imperfections, and alignment tolerances influence 
the beam in the accelerator?  Can these be 
adequately controlled? This can be answered with 
near-term experiments using a single beam with 
the beam energy and current characteristic of the 
front end of the IRE, at driver repetition rate in an 
accelerator long enough to allow several 
characteristic transverse oscillations of the space-
charge dominated beam and to assess the 
emittance growth for a driver scale beam in the 
IRE. 

b) What is the cost basis for the IRE and driver 
designs? Cost-effective injectors, quadrupole 
arrays, pulsers, insulators, and induction cells must 
be developed.  This should be accompanied by 
collaborations with industry to develop and reduce 
the cost of custom accelerator components. 
Considerable work has been done in the past in 
these areas, but is incomplete to show readiness for 
a IRE.  

c) A driver target chamber will use either an 
externally applied plasma to neutralize the beam, 
or the beam will become partially neutralized due 
to ionization of the background gas. Can this be 
adequately controlled at driver scale? The 
focusing elements should be sufficiently compact to 
be compatible with a liquid salt blanket, and to 
allow space for heat collection in the blanket, 
tritium breeding, etc. Near term R&D should yield 
an efficient, reliable, and durable focusing system 
design. This should be buttressed with relevant 
scaled beam experiments and continued 
development and application of advanced source-
to-target modeling.  Prototyping the key 
components of the IRE final focus system and 
chamber might be desirable in the near term.  

d) What target designs minimize driver cost and the 
beam focusing requirements?  First, the most 
promising of the wide range of target design 
options that are compatible with HIF must be 
critically evaluated.  The candidates include 
radiation driven indirect drive with a cylindrical 
hohlraum, hybrid direct/indirect designs, spherical 
and non-spherical direct-drive, fast ignition and 
shock ignition. This should be followed by the 
design of specific IRE target experiments to 
answer the most important target design and 
physics questions. 

These are among the most important scientific and 
technical questions for HIF.  The answers, or at least 
significant progress toward the answers, would enable 
a credible physics design for IRE within 5-10 years.  
The research would reduce risk and would identify 
paths to cost-effective components (e.g.: injectors and 
acceleration modules) for IRE, and the DEMO. The 
research plan outlined below addresses these 
prerequisites on the road to an IRE or similar facility. 
It is advantageous to pursue these goals where valuable 

experiments are possible with existing equipment or 
accelerators. 

The IRE will be an integrated demonstration of all 
the driver beam manipulations from source to target, 
including final focusing systems.  The total energy in 
the beam pulse and pulse profile will enable energy 
deposition in targets well into the regime relevant to 
IFE implosions.  If successful, it would demonstrate 
driver scale creation of a high-current, low emittance 
beam, driver repetition rate injection, matching and 
merging of multiple beams into the accelerator, 
acceleration and focusing through magnetic 
quadrupoles, longitudinal bunch control, and at the end 
of the accelerator, separation of beams, and 
compressing the beam from ~100 ns to ~10 ns at the 
target.  The IRE accelerator physics includes all beam 
and plasma physics questions at a convincing scale, 
including emittance growth, halo formation, pulse 
compression, multiple beam effects, and ‘‘beam 
loading’’ (the effects of the beam itself on the driving 
circuitry, and back onto the beam), and beam and 
plasma effects in and near the reactor chamber. 

ION SOURCES AND INJECTORS 
An accelerator facility requiring high reliability 

requires an ion source that is stable and rugged.  In the 
first HIF workshops of the 1970’s, the ion source was 
an immediate concern [34].  A survey of the state of the 
art found that: 
• Some ion sources produced currents in the 

microampere scale, at hundreds of kV; other ion 
sources demonstrated many amperes but at only a 
few kV extraction voltage. 

• After the periodic table was surveyed for candidate 
ions, a few emerged as promising: The heavy alkali 
ions (Cs, Rb) were good candidates because of the 
ease of producing a single ionization state (q=+1).  
Mercury is another ion that is easy to produce in a 
unique charge state, but exists naturally in a wide 
range of isotopes. Isotopic separation, a mature 
field, would add cost but may be acceptable. 

• At the time, ion thrusters produced beams for 
thousands of hours DC in a multiple beam geometry 
with high current but relatively low voltage.  This 
represents a highly developed sub-area of ion 
sources that overlaps with HIF in reliability and 
beam intensity. Xenon ion thrusters have been used 
on satellites recently [35]. 

Since then, HIF R&D has demonstrated the 
production of single ion beams with the required 
emittance, current, and energy, suitable for injection 
into an induction linac [36,37]. The repetition rate for 
these sources was low, and the total operating hours 
and the number of extracted pulses were still well 
below the number of pulses required in a driver in one 
year at ~10 Hz.  Studies carried out by the US HIF 
research program include:   



	   6	  

a) The Cs+1 1 Ampere source [38] demonstrated 
low emittance and high charge state and species 
purity in an Ampere-scale 1 MeV beam, created 
by a hot-plate ion emitter followed by an 
extraction electrode. Of order 100 such beams 
are needed in a fusion driver. 

b) The 2 MV source and injector on the HCX 
experiment [39] furnished a similar low 
emittance K+ beam from a potassium alumino-
silicate emitter for beam matching and transport 
experiments.  

c) An alternative method is to create each of the 
required Ampere-scale  beams by merging many 
low current beamlets in an injector. This “multi-
beamlet” approach starts with a compact cluster 
of about one hundred beamlets, each of order ~1 
mm radius and <10 mA, created by a  plasma 
source. The beamlets are rapidly merged into a 
single beam during the extraction process. Such 
an injector (for Argon ions) was tested (and 
shown to extrapolate well to Xenon for a driver) 
[37,39,40].  

For a multiple beam accelerator and target physics 
facility, R&D demonstrating at least one design for a 
multiple-beam injector is a prerequisite.  The 
demonstration should include two previously 
unverified features: creation and injection of at least 
several driver scale beams, and successful operation at 
the driver repetition rate.  Seven or nine beams might 
be considered a sufficient prototype of an injector that 
would ultimately require ~100 beams. There are no 
known fundamental problems here; rather, these are 
promising options to demonstrate an important aspect 
of a heavy-ion driver, not in use for other applications.  

The merging and matching of many ~1 A ion beams, 
created from sources that are wider than the unit cell 
size (r~0.01-0.2 m) of a multiple beam induction linac 
array will require dipole as well as focusing fields to 
match the induction linac. The array of beams is 
steered and their envelopes matched to that required at 
the front end of the accelerator, where the overall 
transverse footprint is smaller (for the multi-beamlet 
approach) or much smaller (for the monolithic hot-plate 
approach) than at the sources [16]. A physics design of 
the injector would be explored through advanced 
modeling of the beam and any background beam gas 
and halo-produced secondary electrons. The designs 
would first be verified on a test stand equivalent to the 
STS-500 [37] (a 500-kV ion source test stand 
furnishing flat HV pulses of up to 20-µs duration) with 
one beam, to be followed by a multiple beam test stand.  

Each injector approach presents its own challenges:  
For example, in a large array of beams each sourced by 
many tiny (mm-size) plasma sources, can the gas load 
be kept low enough against emittance-increasing ion-
gas collisions? For monolithic hot-plate sources each 
generating ~1 kW, can the attendant heat be managed 
effectively? 

INJECTION AND TRANSPORT OF A 
DRIVER-SCALE BEAM AT ~10-HZ 

Most heavy-ion fusion driver designs have gravitated 
toward a 5-15 Hz repetition rate.  For a nominal 1-GWe 
power plant, decreasing the rep rate leads to a 
requirement for bigger (higher yield) fusion targets, a 
bigger reactor chamber and greater total driver beam 
energy.  Increasing the repetition rate in the reactor is 
limited by gas condensation times and other relaxation 
times in the chamber.  An ongoing question for 
operation of the accelerator, is whether the pressure 
inside the beam lines, which is expected to rise 
immediately after a beam pulse, can be lowered fast 
enough for the next pulse or even be damaging to the 
pulse itself. An experiment aimed at quantifying and 
developing techniques to control the pressure rise, at 
least at the presently attainable beam energy and 
intensity, could be performed with existing equipment 
after modest modifications.  This low energy range is 
particularly relevant for HIF because the cross-sections 
for ionization of background gas, ion stripping by 
background gas, and production of secondary electrons 
are all near their maxima or are relatively large at an 
ion kinetic energy of a few MeV [41].  

The HCX injector [36] can be modified for 
experiments at 10 Hz.  The main modifications are to 
replace the two Marx charging power supplies with 
active turn-off power supplies rated for 8 kW and 0.25 
A. The charging path resistors may need to be 
decreased.   This will enable operation up to 1.6 MV, 
with an initial pulse duration of 5 µs, and 0.5 A/pulse.  

The possible experiments include gas-buildup and 
desorption studies in the injector, matching section, 
electrostatic transport section, and magnetic 
quadrupoles.  Instrumented with fast pressure gauges to 
monitor the spatial and temporal evolution of the 
pressure, the experiment would have a beam tube with 
dimensions characteristic of a superconducting magnet 
bore to explore the efficacy of halo scrapers.  Halo 
scrapers at normal incidence (expected to be better than 
grazing incidence) would be tested.  The bore may be 
cryogenically cooled to explore the possibility of 
implementing cold bore superconducting magnet 
arrays. 

In order to make more precise measurements [32] of 
the effect of electron clouds in magnetic quadrupoles, 
four new pulsed magnets, specially designed for low 
ion kinetic energy (short lattice period) can be added to 
the HCX beamline.  A preliminary engineering design 
for the quadrupoles and experimental beamline 
includes diagnostic access, and induction acceleration 
gaps between the quadrupoles. The induction gaps are 
of interest they will enable measurements of the degree 
to which they sweep electrons out of the beam in the 
gaps between quadrupoles.   

A first round of electron cloud experiments on HCX 
showed emittance growth and distortions of phase 
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space [32] though the electrons were mostly suppressed 
with biased electrodes.  The interpretation of this result 
was confounded by the requirement to operate at a high 
betatron phase advance per lattice period (σ! > 90!), 
which introduces possible envelope control issues that 
are known to lead to emittance growth [42]. (The 
original magnets were designed as prototypes for the 
transport of much higher energy ions, so their geometry 
was not well suited for the 1-1.6 MeV K+ ions.) The 
new magnet design and focusing gradient is designed 
specifically to enable measurements with σ! ≤ 90!.   

The principal outcome of the experiments would be 
an experimental verification of injection and transport 
of a ~ 1-ampere heavy ion beam at repetition rates 
required for IRE and a driver. PIC and gas-desorption 
models would be benchmarked by the experiments.  

There is, however, a need for experiments and 
modeling of driver scale beams over a longer distance, 
as will be described in the following section.  

TRANSPORT THROUGH SEVERAL 
PLASMA (BEAM) OSCILLATIONS 

The previous section described experiments that can 
be carried out in a short term and rather inexpensively.  
This is because a short beamline enables answering key 
questions related to higher repetition rate operation.  In 
this section, experiments are described that would 
probe emittance growth and longitudinal physics of 
such beams over a longer distance. 

Transport and acceleration experiments over 40-100 
quadrupoles would address driver beam physics 
questions such as transverse emittance growth of high 
space-charge beams over several plasma oscillations. 
Possible causative mechanisms are envelope mismatch, 
imperfect applied fields, electron clouds [43] and 
beam-gas interactions. Collective effects of space 
charge waves are expected to relax after several plasma 
oscillations [44].  The phase advance for these 
oscillations per lattice period of length L is 
approximately 
 
 𝜎! ≈

! !!
!!

≈ 110°,  
 
where K is the generalized perveance, 
  
𝐾 = !"

!!!!!!!!!!
   

 
λ is the line charge density and rb is the beam radius. 
Halo formation and control via periodic collimation 
would also be explored in such an experiment.  

The SBTE Cs+ beam current was low compared to a 
driver, but the perveance was characteristic of a driver.  
The transport channel had a large aperture compared to 
the rms beam size and the experiments primarily 
focused on transverse dynamics and stability issues in 
the middle of the bunch. 

Each beam bunch has a mostly constant current 
except for the ends.  Thus the longitudinal space charge 
forces are very small, except at the ends of the bunch, 
where the longitudinal self field is proportional to the 
gradient of the line charge density, dλ/dz.  

It is appropriate to note characteristic longitudinal 
timescales, which are much longer than the transverse 
dynamics timescales described above. Due to the high 
ion mass, long bunch length, and low longitudinal 
emittance (on the order of 10-2 eV•sec) single ions 
move very slowly within the bunch, the analog to 
synchrotron motion in an RF accelerator. In fact, a 
particle will only traverse a small fraction of the bunch 
length in the whole accelerator.  But space charge 
waves move at a greater speed, ~0.1-0.2 m/µs, and will 
traverse a 5-10 meter bunch a few times in the 
accelerator.  

Limiting the dilution of longitudinal phase space is 
essential to achieving the short pulses required for 
target experiments in IRE and a driver. Thus, 
experiments to detect and control the seeds of 
longitudinal emittance growth due to waveform 
imperfections and temperature anisotropy 
(longitudinal/transverse) will address theoretical 
predictions such as in Ref. [45].  

The result would be a single beam test with full-scale 
beam current and emittance using accelerator 
components characteristic of the front end of the IRE.  
The physics objectives are closely related to those 
identified in previous accelerator design concepts [4, 
46], and the development plan outlined at the 2002 
Snowmass Fusion Summer Study [47]. The beam 
current and top kinetic energy – 0.5 A at injection and 
10 MeV final kinetic energy was proposed at the time – 
depends on the available resources, technology limits, 
and detailed experimental goals.  As noted above, 
electron accumulation would be inhibited due to the 
efficient removal of electrons by accelerating gap fields 
between quadrupoles.  This can be studied 
experimentally with a limited number of acceleration 
modules.  Though it is valuable to study each of these 
effects in isolation, eventually a more convincing 
proof-of-principle for IRE is an experiment that 
integrates all of the effects of sequential beam 
manipulations with imperfections in their applications. 

These experiments that precede the IRE are most 
valuable if the accelerator architecture resembles the 
IRE and an HIF driver. Technology R&D is critical for 
creating novel components that demonstrate the needed 
technical specifications (acceleration gradient, focusing 
strength) and fabrication techniques at an acceptable 
cost. 
In addition to single-beam experiments, studies are 
required to clarify the interactions (longitudinal and 
transverse) between the multiple beams that thread 
each induction core. Transverse deflections, and 
inductive effects associated with the fact that the 
magnetic fields generated by all the beams are additive, 
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needs to be understood. This can be pursued by a 
combination of scaled models (e.g., electron beams), 
measurements of the key impedances, and advanced 
simulations. See Fig. 2. 
 The understanding from these experiments may also 
be helpful to high-intensity hadron accelerators for 
applications such as neutron spallation sources. 

 

 
Figure 2. Schematic of a lattice period in a  
multi-beam induction linac. 

 

   DRIFT COMPRESSION, BENDING 
AND FINAL FOCUS 

At the end of the accelerator, the beam must be 
compressed to the short length required at the target. 
Immediately preceding the target, final focusing and 
dipole magnets focus and aim the many beams onto the 
target with the required illumination geometry. To 
allow for the use of liquid wall protection for most of 
the target chamber structural wall, the targets are 
usually designed to accommodate groups of beams in a 
compact bundle (two groups as in e.g., [7]; but one 
group might be feasible). In some designs the velocity 
ramp on the beams is removed due to longitudinal 
space charge repulsion, thus eliminating the need to 
accommodate a large momentum spread in the final 
focusing elements.  In other designs, the beam passes 
through plasma that cancels the beam space charge 
field, enabling shorter beam bunches or lower kinetic 
energy, and higher perveance ion beams. The plasma 
electron density must exceed that of the ion beam. Near 
the target, the ion beam density may be 1014/cm3, 
depending on the driver design. 

The standoff from the last lens to the target is 5-10 
meters, to contain the energy released by the fusion 
reactions and the neutron absorbing liquid jets.  To 
achieve the required spot size, a suitable convergence 
angle, θ, must be chosen, resulting in a beam size of 
~10 cm at the last focusing magnet, considerably larger 
than in the accelerator.  

For an ideal focusing system and relatively low beam 
current, focusing is limited only by the emittance of the 
beam: 

𝑟 ≈
𝜖
𝜃

 

where ε is the un-normalized emittance, and r is the 
minimum spot size.  However, other factors that will 
increase the spot size are alignment, space charge, 
chromatic aberrations and geometric aberrations. 
Contributing approximately in quadrature, they are 
described below. 

Though steering and aiming of charged particle 
beams can be very precise in principle, there is a phase 
or coherence problem that arises in this application, the 
exact solution to which usually requires challenging 
time-dependent correction elements. In the accelerator 
and in particular during the initial compression of the 
bunch, different parts of the beam bunch will have 
slightly different kinetic energy and betatron phase 
advance:  

𝜎! ≈ 2 𝜅𝐿 
where  L is the quadrupole lattice half period, and 𝜅 

is the focusing parameter appearing in the rms 
envelope equations.  For magnetic quadrupoles 

𝜅 =
𝐵′(𝑧)
[𝐵𝜌]

 

 

𝑎!! + 𝜅(𝑧)𝑎 −
2𝐾
𝑎 + 𝑏

= 0 
 

𝑏!! − 𝜅(𝑧)𝑏 −
2𝐾
𝑎 + 𝑏

= 0 

and 𝜅 also appears in the single particle equation of 
motion.   

In combination with small alignment errors leading 
to centroid oscillations in the lattice, different slices of 
the beam will have centroid motion that is out of phase 
with the rest of the beam, leading to an effective 
smearing of the beam profile at the target.   

The generalized perveance decreases inversely as  
γ3β2 leading to easier focusing at higher kinetic energy.  
For target designs requiring a focal spot of a few mm 
or more, the contribution of space charge to the spot 
size usually is relatively small above ion kinetic energy 
of 7-10 GeV.  Some neutralization is inevitable as the 
beam traverses several meters to the target.  This is due 
to the liberation of electrons from beam gas collisions, 
and the photoionization of the beam from x-rays 
emanating from the target. 

Focusing systems with static fields have been 
designed to be sufficiently achromatic for momentum 
spreads of Δp/p <1%.  The momentum spread is 
determined by the longitudinal emittance of the beam, 
and also whether the head-to-tail velocity ramp (which 
compresses the beam bunch, Δp/p ~3%) is mostly 
removed by the stagnation of the bunch length due to 
longitudinal space charge forces, or if that force is 
removed and the bunch is further shortened by the 
introduction of a neutralizing plasma or other source of 
electrons.   

The contribution of geometric aberrations scale as θ3, 
which, combined with the other focusing constraints 
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discussed here, has limited the convergence angle of 
the beam at the exit of the final lens to θ ≈ 10-20 
milliradians. 

Regarding the radiation environment near the target 
chamber, the magnets are superconducting and the 
coils must be protected from radiation flux originating 
from the fusion target.   

 Radiation flux through the beamline could lead to 
superconducting coil quenching and degradation.  It 
can be controlled with a combination of shielding 
structures near the coils, and radiation dumps can limit 
deleterious effects upstream when combined with 
dipole bends in the beamline [33]. Managing the 
radiation flux differs from laser IFE, which is less 
compatible with liquid wall protection of the first wall, 
and where the final optics are necessarily in the line of 
sight of the flux of neutrons, charged particles and 
photons emitted by the fusion target. 

The steering of beams through large angles to 
correctly illuminate the target raises questions of 
chromatic dispersion of the beam bunch. Regarding 
space charge effects, the bending of beamlines breaks 
the symmetry of a straight beamline, leading to 
asymmetric fields from the image charge effect in the 
conducting vacuum chamber walls. Past simulations 
have shown these effects to be benign within parameter 
ranges compatible with the driver and target 
requirements [48-51].  These questions should be 
revisited with simulations in much greater detail.  The 
results may lead to the design of a relevant experiment 
possible at low ion kinetic energy that would 
significantly reduce risk for the IRE.  

The focusing system (and accelerator) design goals 
are greatly affected by  the required focal spot size and 
bunch duration. For example, for two target designs 
requiring either 0.3-mm or 3-mm focal spot radius, and 
and a bunch duration of 0.2 or 10 ns, there is usually a 
great impact on the focusing system design, and on the 
transverse and longitudinal emittance of the beam.  
This is to be expected, since at the extrema of this 
example, the six-dimensional phase space density 
differs by a factor of 500.   

As the driver beam compresses in the most common 
driver designs, space charge removes much of the 
beam’s head-to-tail velocity ramp. This removal of a 
velocity ramp (or stagnation of the inward flow, as 
viewed in the beam frame) renders the beam nearly 
mono-energetic, minimizing the chromatic aberration 
that would otherwise broaden the focal spot on target. 
NDCX-II will be used to study stagnation with an 
experiment to diagnose the beam at intermediate 
stations (measure 6-D phase space), and then possibly 
position a final-focus magnet at the stagnation point 
(the location of which can be adjusted by tuning the 
amplitudes of the applied accelerating voltages.)  This 
is another example of an HIF experiment that can be 
accomplished with straightforward modifications of the 
beamline. 

On NDCX-II, the generation of precision voltage 
pulses across induction-cell gaps is necessary for the 
warm-dense matter mission, so the experience gained 
will carry over directly to designing larger 
machines.   For example, a varied set of experiments 
may be carried out to explore some of the 
manipulations that may be employed to shape the pulse 
of individual driver beams.  

TARGET PHYSICS 
The fusion power DEMO mentioned at the beginning 

of this paper will demonstrate high rep-rate operation at 
low fusion yield (of order 30 MJ) and may include 
exploration of higher gain and yield targets. For the 
IRE to validate the beam-target interaction physics, one 
would like the beam plasma frequency and target 
conditions to be close to driver values. How close is a 
matter of judgment and involves tradeoffs between cost 
and performance. Validating beam-target interaction 
physics in the IRE at T>50 eV or greater requires a flux 
greater than ~3x1012W/ cm2 and multi-kJ in the pulse. 
Ref [5] showed beam parameters required to achieve 
these goals.  Experiments beyond this basic goal 
depend on the HIF driver target designs considered, as 
described below. 

At the beginning of the driver, the beams are injected 
with a large safety factor in phase-space density 
compared to the requirement of the fusion target.  A 
considerable fraction of this phase space density 
margin will be diluted in the acceleration and 
compression of the beam, and the degree is to be 
determined via experiment and modeling.  This margin 
must be incorporated in the target design, and kept 
conservative until a body of evidence supports reducing 
the safety factor. 

Heavy ion targets can be characterized in a multi-
dimensional parameter space [52], with any target 
having three continually varying parameters: 1) degree 
of direct drive (whereby the ion beams directly heat the 
outer layers of the fuel capsule) vs. indirect drive 
(whereby the ion beams heat a cylindrical "hohlraum" 
that radiates x-rays that, in turn, heat the capsule); 2) 
scale of target; and 3) the mode of ignition (where hot-
spot ignition requires the highest value of the central 
adiabat just before ignition, and fast ignition requires a 
low central adiabat, with shock ignition somewhere in 
between.) In hot spot ignition, the gaseous fuel 
contained within a dense shell is heated as the fuel shell 
is compressed in radius and thickness. In fast ignition, 
the fuel is first compressed, followed by a separate 
"ignition" pulse that raises the temperature of the 
compressed fuel. These key parameters are described 
below: As one goes from indirect drive to direct drive, 
one finds better coupling but harder alignment and 
beam smoothness requirements. As one increases the 
target scale and focal spot requirement of the target 
(keeping the type of drive and mode of ignition fixed), 
beam phase space requirements are eased and there is a 
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potential for higher gain, and lower repetition rate, but 
the driver energy requirement increases. As one 
proceeds from hot spot ignition to fast ignition, the 
pulse duration and spot radius decreases, increasing the 
phase space density requirements or increasing ion 
energy, but the compressibility also decreases, favoring 
more stable targets. 

For direct drive, the energy is usually deposited in 
the outer layer (sometimes a dense material) and in 
other designs, within the outer fuel layer (Fig. 3).  For 
indirect drive hohlraum targets, the symmetry in the 
illumination of the fuel is controlled in laser targets by 
the shape and composition of the hohlraum wall.  In 
laser IFE hohlraums, there is an entrance hole for the 
laser beams, and the laser beams are aimed at the inner 
cylindrical wall of the hohlraum.  For heavy-ion 
targets, the asymmetries are controlled by the 
composition and placement of shields and converters in 
the path of the beam (instead of entrance holes) and 
within the hohlraum. 

Ideally, the IRE would be flexible enough to study 
issues such as stability and uniformity for a wide class 
of targets.  Indirectly driven targets are an attractive 
approach for HIF because they allow two-sided 
illumination, an illumination geometry that is 
compatible with thick liquid wall protected chambers. 
Moreover, much of the target physics will be 
established on the NIF and elsewhere. Other target 
options such as direct drive, or aspherical direct drive, 
may offer higher target gain and/or lower driver 
energy.  

Determining the cost and target physics capabilities 
of the IRE is a principal goal of target R&D within the 
next several years. The IRE target physics experiments 
should answer questions unique to heavy-ion-driven 
targets and then lead to confident DEMO target and 
accelerator designs.  Near-term surrogate experiments 
might be done (e.g. on NIF, OMEGA, etc.) to elucidate 
specific heavy-ion fusion target physics topics.  At this 
point none have been identified as prerequisites for an 
IRE, but this would be explored further as part of the 
IRE and driver target design effort.  

Much is known about ion energy deposition in cold 
matter.  It is known to be different in hot, dense matter, 
leading to possibly favorable changes in the ion range.  
Some experiments have validated and observed range 
shortening in low-density plasmas [53].  More accurate 
modeling in the IFE temperature and density regime 
will require an experimental campaign at IRE.  

Implosion experiments on IRE would require a more 
complex final focusing system (vs. planar target 
experiments) to achieve the needed target illumination 
geometry. However, indirect drive with two-sided 
illumination (or the single-sided X-target -- see below), 
in principle allows clusters of beams with reduced solid 
angle compared to the uniform illumination required of 
spherical targets. Polar direct drive versions of 
spherical targets also allow smaller solid angle of the 

beam array.  Single sided illumination of both indirect 
and direct drive targets is possible in principle but 
significant target (and beam focusing) modeling for 
these concepts would be needed to develop a design for 
IRE experiments. 

Three example designs in the target parameter space 
are described below, with related challenges and 
possible improvements: 1) Cylindrical hohlraum 
indirect drive targets; 2) Spherical targets; 3) 
Cylindrically symmetric direct drive targets, including 
the X-target.     
1. Cylindrical hohlraum, indirect drive targets:  
Detailed designs include the "distributed radiator" 
targets [54,55], and their close relatives the "closely 
coupled target" [56,57] and the "hybrid" target [58]. 
These are the most mature HIF target designs, with 
integrated 2D models having gains ranging from 60-
130 for 3-7 MJ input energy. Specific, and relatively 
detailed compatible accelerator designs, with 
considerable safety margins in the beam parameters 
have also been published for this class of targets. 

Much is being learned about hohlraum targets as part 
of the National Ignition Campaign at NIF.  Important 
physics details of radiation dominated indirect drive are 
coming to light, including issues of sensitivity to beam 
uniformity on the hohlraum and time-dependent 
symmetry.  Implosion physics is also being tested, with 
issues related to the Rayleigh Taylor instability, 
symmetry, the mixing of one target material with 
another and capsule roughness receiving scrutiny.  
Results of these experiments will have direct relevance 
to a variety of HIF target designs.   

For example, in both laser-driven and ion-driven 
indirect drive, the fuel capsule is radiation driven, so 
the capsule implosion and burn physics are the same.  
This is especially true if the heavy ion hohlraum and 
laser hohlraum are heated to the same radiation 
temperature.   

There are differences in the hohlraum design and in 
the energy deposition between laser and heavy ion 
indirect targets:  In the laser targets, there are holes in 
the targets to allow the laser light to enter, and the 
laser-plasma interaction must be manageable.  Also, the 
physical mechanism of beam energy deposition is more 
volumetric in HIF.   

The heavy ion hohlraum target designs and beam 
power profiles were derived by demanding the same 
temperature versus time profile in the hohlraum as 
were developed for laser hohlraum targets.  This might 
have forced some beam power (versus time) features 
and constraints that aren't fundamental 
requirements.   The accelerator cost and design 
optimization was subordinate to the specified pulse 
shape on the target. This should be revisited with a 
more global optimization of the driver design and cost.  

The target design for the Robust Point Design driver 
[55] calls for an accelerator with two values of ion 
kinetic energy, in separate beamlines.  It appears that a 



	   11	  

single-energy-target – preferred for the accelerator 
design – could be designed at some energy or yield 
penalty. (Maintaining time dependent symmetry is the 
challenge, as target heating changes ion range over the 
course of the pulse);  

The hybrid target [58], attractive because it allows 
for larger beam radii on target (> 5 mm), has two 
noteworthy unresolved issues:  
i. The original design has a small (~10o) acceptance 

cone angle for the bundle of beams, which was 
challenging for the final focusing optics design. If 
the cone angle could be increased to be consistent 
with a 20o bundle of beams on each side of the 
target, the design of the final focusing optics would 
be much less constrained.  

ii. The design was less robust than the distributed 
radiator.  The distributed radiator target and close-
coupled targets are designed for a larger cone angle, 
and they are more numerically robust than hybrid 
targets.  

Compared to spherical targets (below) hohlraum targets 
are more complicated to fabricate, though considerable 
headway has been made in conceptual designs of 
fabrication facilities that appear to yield low-cost, high-
precision and reliable targets [59]. 
2. In Spherical targets, the ion beam converters are 
spherically distributed around the DT fuel [60-65]. A 
tamper (using high density material) may surround the 
capsule and increases the coupling efficiency. 
However, the tamper also absorbs beam energy before 
the ions reach the converter, offsetting some of the 
increased coupling efficiency. The tamper allows ions 
of higher range to illuminate the target, easing beam 
phase space and perveance requirements on the 
accelerator.  Since the targets are layered spheres they 
are relatively simple to fabricate. They have high gain 
and have been designed with single ion-kinetic-
energies (~2-10 GeV). Stability studies of tamped 
direct drive targets are currently underway [66]. 
For tamped spherical targets with shock ignition, 
further study is required to determine if shock ignition 
is compatible with a single ion kinetic energy. 

3. Cylindrically symmetric direct drive targets, and 
the X-target: A cylindrical, fast-ignition target has been 
designed with one-sided illumination geometry [67]. 
The cylindrical geometry lowers the gain (compared to 
spherical), but the high-gain potential of fast ignition 
compensates for the effect of geometry. They require a 
higher ion range and so can accommodate high ion 
kinetic energies. The fast ignition pulse requires high 
power, and a small focal spot, which in turn demands a 
higher phase space density in the accelerator. The 
driver concept for this target is at this point immature. 
The needed beam spot radius is ~0.05 mm, and the 
ignition pulse duration is ~0.2 ns. 

The X-target [68] is named for the outer case 
geometry (a metallic tamper) arranged approximately 
as a surface of revolution. It is a solid target with quasi-
spherical symmetry, but with two cones removed from 
the sphere. The case is filled with outer shells of 
"propellant" such as aluminum, with DT fuel interior to 
the propellant. The ion beams illuminate the target 
from one side only, deposit their energy volumetrically 
in the propellant or the DT, and assemble fuel with a 
sequence of two quasi-spherical shocks. A final short 
igniter pulse provides the spark to ignite the assembled 
DT fuel.   X-targets are inherently one-sided drive and 
have high coupling efficiencies, reduced RT stability 
issues associated with the low compression ratio, and a 
potential for high yields (~GJ) and high gains. Kelvin 
Helmholtz (KH) instability associated with the quasi-
spherical flow along the material boundaries is still 
under investigation. The high gains require the creation 
of high densities under the quasi-3D compression. The 
target requires a high range ion and thus higher ion 
kinetic energies. High power and small focal spot 
beams are needed for fast ignition. The driver concepts 
for these schemes are, at this point, immature. The 
beam spot radius for the igniter beam is ~0.2 mm, and 
the ignition pulse duration is ~0.2 ns. For the X-target 
(and the cylindrical target fast-ignition target), a single 
ion energy for the target was chosen. The IRE could 
explore issues associated with KH instability, and fuel 
assembly.  

Table 1 summarizes the beam requirements for some 
of the specific target designs cited above.  Each target’s 
requirements are given by the top five rows in Table 1, 
and are in principle compatible with a range of values 
of customary beam parameters (ion mass, kinetic 
energy and beam current) provided that the energy in 
each pulse, the beam radius on the target and the ion 
range are satisfied.  That is, the last four rows (ion 
mass, energy, charge and current in pulse) are 
subordinate to the target requirements above them. As 
stated earlier, the required beam energy per pulse varies 
among target designs by a factor of several, which will 
influence the number of parallel beams and other 
aspects of the accelerator design.   The designs vary in 
their sensitivity to instabilities during the compression 
and heating of the fuel, and in turn to the precision in 
steering, the transverse beam profile and the beam 
power temporal profile.   

In summary, near term research would be centered 
on the development of a suite of IRE IFE target physics 
experiments, closely tied to robust HIF target designs 
for a DEMO.  The goal is to design a flexible IRE that 
will allow critical scientific questions to be answered 
for more confident as well as speculative target 
designs. 
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Table 1: Beam requirements for example target designs. 
 
 

 

 
Figure 3: Three types of targets are shown to illustrate 
the beam configurations for spherical direct 
illumination (top), two-sided illumination (middle), and 
one-sided cylindrically symmetric direct-drive 
(bottom).  Possible variations in illumination geometry 
among these cases are discussed in the text. 

 
TECHNOLOGY DEVELOPMENT 

IFE systems codes combine various constraints set 
by beam physics (such as transportable current for a 
given focusing field and aperture), technology (e.g.: 
maximum achievable acceleration gradient) and 
component cost.  The constraints are sometimes set by 
significant extrapolations, introducing large 
uncertainties in the optimization of the complex driver 
system for cost and performance.  In order to reduce 

this uncertainty, R&D on heretofore-untested and novel 
HIF accelerator components is needed.  This is a 
normal and necessary aspect of accelerator R&D in 
preparation for the next big step (viz., several years of 
R&D in preparation for, and before setting the final 
design specifications for very large accelerators around 
the world, such as RHIC at Brookhaven National 
Laboratory, SNS at Oak Ridge National Laboratory, 
and the LHC at CERN.). This will enable the systems 
studies to go beyond sensitivity analyses to actual 
optimization and design. Two examples aimed at the 
exploration of the novel accelerator architectures and 
for reducing the risk for IRE are described below. 

Example 1: High gradient accelerator 
modules  

System studies show cost reductions for higher 
gradients but data for such extrapolations are scarce.  
Hovingh et al. [6] studied the dependence of the driver 
cost and efficiency on the surface flashover field limit, 
and found that doubling the flashover limit decreased 
the cost of the driver by 24% and increased the 
efficiency by 11%.  The accelerator footprint is nearly 
inversely proportional to the flashover limit and 
directly impacts geographic siting choices.  

The repeat structure in the accelerator is the half-
period L, which has a quadrupole of length η•L, and an 
accelerating column of length (1-η)•L.  The 
“occupancy”, η, varies from about 0.8 at the beginning 
of the accelerator to about 0.1-0.2 over much of the 
accelerator. To obtain an average acceleration rate Ê, 
the column must provide Ec = Ê/(1-η).  The transverse 
dimension of the multiple-beam focusing array is about 
one meter.  The inner diameter of the induction cores is 
slightly greater than this diameter. 

For most of the accelerator, the voltage increment 
between quadrupoles is a few MV, or whatever voltage 
holding and design choices allow.  The acceleration 
gap designs usually include several plates electrically 
connected to the column for grading, with multiple 
apertures through which the numerous beams pass. In 
the systems studies, the gradient has been about 1 

Target design and citation
Foot Main Foot Main Foot Main Compressor Ignitor Compressor Ignitor

Energy (in pulse) (MJ) 1.7 5 1.76 5.25 0.2 0.45 2 3 7.1 0.4
Pulse duration (ns) 9.7 8.3 19.6 10.3 23 7 2 0.2 75 0.2
Beam radius, or semi-
minor x major radii for 
elliptical spots (mm) 3.8 x 5.4 3.8 x 5.4 2.3 x 4.2 1.8 x 4.2 1 1 0.425 0.255 0.5 0.05
Ion range (g/cm2) 0.031 0.049 0.034 0.042 0.038 0.038 2 2 4 4

Cylindrically 
symmetric direct 

drive, fast Ignition 
[67]

Cylindrical 
hohlraum, indirect 

drive: "Hybrid"           
[58]

Cylindrical hohlraum, 
indirect drive: 

"Distributed radiator 
(RPD)" [58]

Spherical: "Tamped 
direct drive" [66] X-Target [68]

Illumination geometry
Target gain

One-sided
100

Two-sided
55 55 35-50 300

Two-sided Two-sided Spherical

Ion mass (amu) 208 208 208 208 207 207 238 238 207 207
Ion kinetic energy (GeV) 3 4.5 3.3 4 3.7 3.7 90 90 100 100
Charge in pulse (mC) 0.57 1.11 0.53 1.31 0.05 0.12 0.02 0.03 0.07 0.00
Current in pulse) (kA) 58.4 133.9 27.2 127.4 2.4 17.4 11.1 166.7 0.9 20.0

beams&

DT&fuel&&

Hohlraum&and&radiators&

beams&

Ablator& DT&fuel&
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MV/meter.  The basis for this limit has been the 
somewhat less than 1-MV/meter gradient in electron 
beam induction linacs, and also the scarcity of relevant 
experimental data on column HV holding above ≈1 
MV.  In electron induction accelerators, there was no 
need to strive for higher acceleration rates because the 
transport focusing costs were low.  In contrast, the 
transport costs in HIF drivers are comparable to the 
acceleration modules. 

To raise the column voltage holding limit  
(Vc = Ec•(1-η)•L) subdividing the insulator into N 
sections raises the voltage holding approximately as 
N1/2, to increase voltage holding along a column 
insulator, and likewise, by using more metal partitions 
within the vacuum regions, raises the vacuum 
breakdown limit.  Ordinarily, this insulator surface 
flashover has been the weak link. If, by a combination 
of axial and radial subdivisions, the surface breakdown 
is increased sufficiently, then vacuum breakdown 
between metal surfaces along the middle of the column 
would become the limit.  

Van-de-Graaf accelerators achieve several MV of 
acceleration along insulating columns, with 1 ≤ Ec ≤ 
1.7 MV/meter being a comfortable operating range 
[69].  It is important to note that they tend to have 
small apertures, with considerable investment into 
numerous baffles and electrodes along segmented 
columns, and low magnetic fields to deflect low energy 
stray charged particles and to prevent acceleration of 
back-streaming electrons to high energy. The 2 MV 
injector [36] which serves as the front end for the 
HCX, has an insulating column length of 2.4 meters, 
implying an equivalent Ê ≈ 0.83 MV/m. The Dual-Axis 
Radiographic Hydrodynamic Test facility (DARHT-II) 
electron beam injector has a peak voltage of 3.2 MV 
held across a 4.4 meter insulating column [70]. 

Some approaches that might lead to increased 
gradient for HIF drivers include the implementation of 
radial insulators (vs insulating columns entirely parallel 
to the beamline), and the utilization of high-gradient 
insulators based upon very thin layers of graded 
columns [71].   

An example of a possible near term experiment with 
a modest investment is a test stand enabling high 
gradient experiments of various acceleration gap 
geometries. This can be accomplished using spare 
Advanced Test Accelerator (ATA) cells [72], which 
may also be used for a possible upgrade to NDCX-
II.  The ATA induction accelerator created a 10-kA, 

50-MeV electron beam with a 200 induction cells 
operating at 5 Hz, with burst mode capability up to 1 
kHz.   The ferrite loaded ATA cells have a 0.23-m 
inner diameter, smaller than the size of the multi-beam 
test columns, therefore it becomes necessary to add the 
voltages of the cells on either side with a metal rod, as 
was done in previous induction linacs to furnish a high 
voltage pulse to an injector (e.g.: RTA injector [73]). 
The accelerating gap and column itself should include 
the principal features of a driver: plates with multiple 
beam-hole apertures connected to the insulating 
column, and provisions for exploring baffle geometries. 
The experiment would not transport a beam or multiple 
beams. It would, however, provide valuable and 
presently unknown limits on Ê, which vary in systems 
codes from 1 to 3 MV/m.  Using 16 ATA modules, 
operating at 250 kV each, a total gap voltage of 4 MV 
in a 70 ns pulse could be established.  This is relatively 
close to the 100-200 ns pulse in most of the driver. 
Figure 4 shows a conceptual sketch showing a one-
meter prototype HIF accelerating column sandwiched 
between a much lower insulating column and the ATA 
induction cores.  As a preliminary experimental 
configuration, a test stand for a column of 
approximately half the one-meter column shown would 
require half as many induction cores to establish the 
same Ec. 

Because there is no beam loading, several cells can 
be driven by one Blumlein pulser.  X-ray diagnostics 
would indicate incipient breakdown, and an x-ray 
pinhole camera could isolate weak points in the system.  
The absence of beam also means that the measured 
voltage limits would be de-rated for use with beam, to 
compensate for the lower voltage holding caused by 
stray beam particles (halo) striking the accelerator 
structure.  But even without beam, the voltage holding 
limits for the high cumulative voltages along one 
insulator for pulses of the required short duration 
would yield valuable new information.  

Example 2: Magnet array prototyping and 
testing 

There are two main types of magnets for a driver: 
focusing quadrupoles in the accelerator and final 
focusing magnets near the target chamber.  For beam 
physics, engineering and economic reasons they are 
superconducting. Dipoles or displaced quadrupoles for 
bending are a minor concern. 
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Figure 4: Concept for a high gradient HIF column test stand driven by a series of 250-kV modules.  The combined 
voltage across the test column could be up to ΔV ≈ 4 MV, as much as required in many conceptual drivers.  

 
This focusing array in the accelerator has unique 

challenges compared to high-energy physics 
accelerator magnets in compactness, coil layout, edge 
termination, alignment, cryogenics and vacuum [74]. A 
close-packed array of superconducting quadrupoles 
sharing flux in a common cryostat has never been 
constructed, and these transport magnet arrays 
comprise   1/4 to 1/3 of the cost of the driver.  An R&D 
design and testing effort led to a superconducting 
quadrupole array design for HIF accelerators and then 
for a single beam magnet design maintaining the key 
features on which the array design was based (See Fig. 
5) [75].  The focusing set the lattice spacing required 
for a low-energy (1.6-10 MeV), high line charge 
density (λ ≈ 0.2 µC/m) K+ beam. The design 
optimization after the first prototype magnets led to a 
“block-coil” (square) geometry with 8 double-pancake 
coils with square ends.  The later prototype tests 
showed a conductor limited (SSC Ni-Ti) gradient (132 
T/m) after two quenches.  There was no magnet 
retraining required after thermal cycles and no 
significant dependence on ramp rate up to 200 A/sec.  
The short-sample current limit was 3000 A. A 
multipole decomposition of the magnetic field quality 
agreed with model predictions up to the 20-pole.  The 
R&D ended in 2004 with the production and successful 
testing of a prototype quadrupole doublet in a compact 
cryostat suitable for transport and acceleration of 
intense beams of (λ ≈ 0.2 µC/m) K+ through ~100 
quadrupoles, or several beam-plasma oscillations.  

The principal array design issues for many parallel 
channels can be addressed using a reduced number of 
channels, as long as proper transverse termination of 
the fields is provided. Thus, a critical next step would 
be a prototype array with only four or nine channels to 
gain needed magnet design and fabrication experience. 

The final focus magnets are particularly challenging 
with the requirement of relatively large aperture (coil 
winding aperture ≈0.2 m) and radiation shielding. The 
strategy fundamentally differs here from the laser IFE 
approach, where the final optical elements are 
necessarily in the line of sight of the neutrons, photons 
and charged particles emanating from the burning 
fusion fuel. For the HIF final focusing system, a dipole 
bend creates a line-of-sight dump for radiation 
produced by the fusion target. For these final focusing 
magnets, Nb3Sn is the most suitable conductor to meet 
the focusing requirements, where peak fields in the 
superconducting material of about 10 T are desirable 
[76]. It may be a decade before this developing 
accelerator technology reaches a mature stage.  The 
required stored energy per unit length is unusually 
high, so quench protection is very important. The use 
of shell-type, or racetrack coils is not yet settled, and 
the design of bundles of converging beamlines (vs. 
subassemblies of parallel focusing quadrupoles with 
nearby dipoles) awaits resolution.  In either case, the 
incorporation of relatively low-field steering dipoles 
for small beam centroid corrections must be included. 

The working group at the recent Workshop on 
Accelerators for Heavy Ion Fusion [77] identified the 
following as important research opportunities for the 
final focus magnets: 
• Explore combinations of electrostatic and magnetic 

quadrupoles for achromatic focusing. 
• Consider elliptical holes in a shield for the final 

focus magnets (instead of circular) similar in aspect 
ratio to the beam shape. 

• Design an array of final focus magnets with 
magnetic flux sharing as in the accelerator arrays to 
achieve a closely packed array of beams. This 
would allow shielding to be implemented without 
increasing the size of the array. 



	   15	  

To reduce the size of the magnet array, consider 
different materials for the final magnet, including 
normal conducting materials based on recently-
developed materials. 

 

 
Figure 5: Transverse coil layout showing magnetic 
field lines for racetrack coils (left) and the MIT design 
of a multiple beam array based on racetrack coils. 
Photo of the prototype cryostat containing a quadrupole 
doublet for single beam experiments.  
 

 

 RESEARCH OPPORTUNITIES 
RELATED TO OTHER FIELDS 

An asset for HIF R&D is the large RF accelerator 
community and decades of operating experience of 
large-scale accelerator facilities worldwide for high 
energy and nuclear physics and materials science. 

Without doubt, an ambitious R&D program in HIF can 
only benefit from a greater integration between the RF 
and much smaller induction accelerator community.  A 
recent Workshop on Accelerators for Heavy Ion Fusion 
[78] brought together researchers from a number of 
induction accelerator and RF accelerator laboratories, 
including BNL, SNS, LANL, FNAL and GSI.  These 
and other accelerator laboratories have much expertise 
in beam dynamics theory and modeling, non-
intercepting beam diagnostics, magnet design and 
fabrication, cryogenics, accelerator control systems, RF 
and pulsed power. The participants expressed interest 
in follow-up collaborations.   

At LANL, DARHT, uses high-current electron 
induction accelerators [79].  The 2-kA beam current is 
high enough for beam-loading effects to be tested. 
Issues of HV holding and induction cell design have 
been tested on DARHT, and it may be possible to 
design tests or experiments that would address key HIF 
issues.  The expertise accumulated at LANL of 
designing, operating and maintaining DARHT is a 
valuable resource. 

Experiments at GSI have shown range shortening of 
heavy ions in hot matter and more studies are planned 
to study ion deposition [53] in matter heated quickly by 
an intense laser. 

Experiments with small-scale systems have the 
potential to mimic the key beam dynamics of an HIF 
driver.  The cost vs. benefit of these experiments is 
attractive because they are able to address important 
physics questions at relatively low cost.  Some 
experiments might be able to answer key questions 
related to HIF drivers, and we illustrate this with two 
examples: Paul traps (e.g., at PPPL and at Hiroshima 
University [80,81,82]), and UMER ([21-23,83]) are 
able, in principle, to achieve high space-charge tune 
depression and transport the beam over the equivalent 
of thousands of lattice periods.  

Paul traps are RF quadrupole traps for charged 
particles with very low axial velocity.  Oscillating 
quadrupole fields confine the particles transversely, and 
resemble the strong transverse focusing of particle 
accelerators.  Axially, the charged particles are 
confined with repulsive barrier fields.   

UMER is a high-intensity circular machine (10 keV 
electron energy, lattice resembling a storage ring) 
dedicated to the study of long-path length space-charge 
dominated beam physics.   

Small-scale experiments on these platforms become 
compelling for HIF development when relevant 
experiment can be done. To begin with, an intense 
beam with a space-charge tune depression 
characteristic of the initial stages of a driver, σ/σo < 
0.25 should be injected and matched, and correspond to 
the space-charge conditions of injected beams 
described above and in [16].  Thus far, it has been 
challenging in these small-scale experiments to 
establish a matched, highly space-charge dominated 
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beam, where the beam properties are accurately 
diagnosed.   

Another issue is beam quality degradation from 
resonances that are more likely to be problematic in 
rings and Paul traps than in linear accelerators.  That is 
because the beams in Paul traps and the UMER ring are 
subject to identical errors; the beam repeatedly sees the 
same structures and applied fields, leading to 
resonances that ruin the beam quality.  This resonant 
behavior might not be seen in a linear induction 
accelerator, where the beam is continually being 
accelerated, and the beam experiences error fields only 
once per element. However, for Paul Traps and UMER, 
some experiments and modeling so far suggest that it 
should be possible to design experiments so that the 
beam properties evolve quickly, and pass through the 
resonances before damage can be done.   

SUMMARY 
There is renewed interest in the development of 

energy solutions that can provide carbon-free, base-
load electricity.   The National Ignition Facility 
campaign of ignition experiments is underway [2]. The 
U.S. National Academies of Sciences and Engineering 
(NAS) are reviewing the prospects for inertial 
confinement fusion energy systems including heavy-
ion accelerators [1].   

In this paper, the key scientific questions related to 
HIF drivers and related accomplishments have been 
summarized. Many of the important scientific and 
technical questions have been successfully addressed in 
small experiments computer modeling and theoretical 
work.   Several more questions can be answered in 
small experiments but what is needed is a big 
experiment that puts all of this together.  The 
references herein are not exhaustive; an extensive 
bibliography [84] of HIF research through 1996 was 
compiled, with many more journal publications on HIF 
since then.  Many have appeared in the biennial series 
of proceedings dedicated to the topic (International 
Symposium on Heavy Ion Fusion) and additional 
publications in various journals and conference 
proceedings.   

This paper outlines research to answer key scientific 
and technical questions in the near term that would be 
needed for a decision to proceed with a major research 
facility. The research facility, feasible in 5-10 years, 
would be required to move forward with a heavy-ion 
accelerator facility capable of doing HIF target physics 
and demonstrating at driver scale the essential 
accelerator components of an HIF power plant, 
including beam control and focused beam intensity (the 
IRE). Most of the research is based on a multiple beam 
induction linear accelerator, accelerating beams to a 
final kinetic energy of 1 GeV or higher. Given the 
combined need for accelerator efficiency and phase 
space constraints set by most HIF target designs, and 
driver cost, it is the best-matched accelerator 
architecture.  

Target physics research must be conducted in 
parallel because the IRE target physics experimental 
campaign will drive the accelerator requirements. Some 
proposed accelerator experiments require modest 
modifications of existing apparatus, while others would 
require a greater investment to answer the posed 
questions.  
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